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We present analysis and spectral ts of the RXTE data from the May/June 1999 outburst of Aql X-1.
These data include observations in the rising portion of the hard state, in the soft state, and in the falling
portion of the hard state. We show that the data can be t by a purely thermal Comptonization model for all
the observations, but that more complicated models cannot be ruled out. Up to 60% of the corona’s power in
the soft state may be injected into non-thermal electrons. The soft state data show approximately constant
optical depth and coronal temperatures over a range of ∼ 10 in luminosity, while they show evidence for a
reduction of seed photon temperature with reduced luminosity and indicate that the characteristic size of
the seed photon emitting region is roughly constant throughout the soft state. The hard state before the soft
state shows a higher luminosity, higher optical depth, and lower electron temperature than the hard state
after the soft state. We nd a reduction of the hard (30-60 keV) X-ray flux during a type I burst and show
that it requires a total corona energy reservoir of less than ∼ 1038 ergs.
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Introduction
The lightcurves of X-ray transients have revealed an outburst cycle consisting of several spectral states
- an o/quiescent state where the luminosity is low and the spectrum is dicult to measure, a low/hard
state, characterized by a power law with photon index Γ < 2, presumably coming from Comptonization
of photons in a hot, optically thin medium, a high/soft state, characterized by a quasi-thermal spectrum,
consistent with the emission from an accretion disk with a peak temperature of ∼ 107 K, often accompanied
by a weak power law tail, and a very high state, consisting of a strong thermal accretion disk component
plus a power law tail of comparable or greater luminosity (see Nowak 1995 for a review of the characteristics
of the spectral states). Additionally, the transition between the hard and soft states is sometimes classied
as a separate \transition state".
Two broad classes of mechanisms have been invoked to explain the transitions between spectral states
in black hole transients. In one mechanism, a two temperature accretion flow is proposed to explain the
hard state. A transition radius between the cool, geometrically thin, optically thick outer disk and the hot,
optically thin, geometrically thick inner corona changes with accretion rate, yielding a pure disk spectrum
at high luminosity and a Comptonized spectrum at lower luminosity (see e.g Narayan & Yi 1995; Meyer,
Liu & Meyer-Homeister 2000).
Alternatively, the dierences between the spectral states may be explained in terms of diering scale
heights above the disk for magnetically active hot regions in the hard state and the soft state (see e.g. di
Matteo, Celotti & Fabian 1999; Nayakshin & Svensson 2001). The fraction of the luminosity supplied to the
corona must also change during the state transitions. Relatively little work has been done to explain why
this should occur at dierent luminosities.
In neutron star systems, a propeller mechanism has sometimes been invoked to explain state transitions
(see e.g. Lamb, Pethick & Pines 1973; Zhang, Yu & Zhang 1998). In this model, when the magnetospheric
radius of the neutron star (i.e. the radius where the ram pressure of the accreting gas matches the magnetic
pressure of the accreting star) is outside the corotation radius of the neutron star, then accreting matter is
driven away from the neutron star by the magnetic pressure and a hard state sets in. The low luminosities
(∼ 1033 ergs/sec) seen in quiescence in Aql X-1 suggest that some kind of outflow must be present in that
state and that the propeller is a likely mechanism (Campana et al. 1998). What is not certain is whether
the magnetic eld is large enough to cause the onset of the propeller eect at the luminosities of the state
transitions.
Past studies of X-ray transients have focused on the broadband spectra in quiescence (Yi et al. 1996),
X-ray luminosities in quiescence (see e.g. Garcia et al. 2001), and time delays between optical and X-ray
rises in outburst (see e.g. Jain et al. 2001). Aql X-1 has been a well studied source because it shows a fairly
regular outburst cycle with a periodicity of about 300 days. It has been shown to be an atoll source (Cui
et al. 1998; Reig et al. 2000). It has been the subject of optical monitoring in quiescence (Jain 2001), and
the optical rise was used to trigger the pointed X-ray observations at a lower flux than the sensitivity of the
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All Sky Monitor on the Rossi X-ray Timing Explorer allows (Bradt, Rothschild, & Swank 1993). The X-ray
data triggered by the optical flare have allowed the analysis of an X-ray lightcurve from a single outburst
starting in the low/hard state, entering the high/soft state, and returning to the low/hard state; similar
work to ours has been done recently for 4U 1704-44 without optical triggering (Barret & Olive 2002).
Observations
Aql X-1 was monitored by the RXTE pointed instruments during May and June of 1999, caught early in
the rising phase of its outburst due to optical monitoring used to trigger the pointed observations (Jain 2001).
The observation times analyzed in this paper are listed in Table 1. A few additional observations have been
omitted because there were problems with the HEXTE background subtraction or because the flux levels
were too low for accurate spectral ts. For each observation, the data were extracted using the standard
RXTE screening criteria for earth elevation and time since the last South Atlantic Anomaly passage. The
number of Proportional Counter Units turned on varied, so the time interval used was chosen to maximize
the total integrated eective area times exposure time while still allowing for a single set of PCUs to be
used. The HEXTE data are also extracted according to the standard RXTE screening procedures. For the
observations where Type I X-ray bursts are seen, the bursts are excluded from the integration so as not to
contaminate the spectrum. The HEXTE data are rebinned to have three bins per channel from channel 16
to channel 21, 5 bins per channel from channel 22 to 51, 15 bins per channel from channel 52 to 126, and
24 bins per channel from channel 127 to 198. The ts include PCA data from 3.0 to 20.0 keV and HEXTE
data from 17.0 to 190.0 keV, corresponding to the energy ranges where the two instruments are generally
considered reliable.
table* center Observations Analyzed for This Work
tabularcccccccccccc ObsId StartDate StartTime StopDate StopTime JD-2451300
Analysis Data reduction The data are then t with a thermal Comptonization model within XSPEC
10.0 (the eqpair model, with the electrons required to be put purely into the thermal component - see section
3.2 below for a description of the model), plus a Gaussian component to represent the contributions of an
iron line, multiplied by a photoelectric absorption component (wabs). The purely thermal version of this
model is chosen as the simplest one that ts the data well and gives some insight about which physical
parameters are varying. A hybrid thermal/non-thermal version of the model is also t to the data later on.
The neutral hydrogen column density is frozen to 3.4× 1021 cm−2, the Galactic value along the line of sight
to Aql X-1. A 1% systematic error is added to all channels from both the PCA and the HEXTE. The overall
normalization of the HEXTE data is allowed to float and varies by about 30%. The Gaussian component
is required to have an energy between 6.2 and 7.0 keV and a physical width of less than 1.2 keV. For most
of the observations, the presence of the line is only marginally statistically signicant. Given the slightly
larger systematic errors near the iron line than in the rest of the RXTE spectrum and that these errors tend
to make the measured flux in this region larger than that measured with other instruments, we view the
measurements of the line with skepticism, omit the parameters of the line measurements from the tables and
refrain from discussing any implications they might have; while the formal statistical signicance of the line
is high, it is possible that the ts are responding to errors in the response matrix.
The Comptonization model The EQPAIR model calculates a self-consistent temperature and pair op-
tical depth for the hot electron corona. It allows for injection of energy into the coronal electrons in both
a Maxwellian distribution (\thermal Comptonization") and a power law distribution (\non-thermal Comp-
tonization"). It then solves for a nal electron distribution based on the relative heating and cooling rates
of the electrons due to radiative processes and Coulomb interactions, so the electron temperature is not
an explicit parameter, but is instead computed self-consistently. It allows for Compton reflection, but does
not self-consistently compute the line emission from reflection. It assumes a spherical geometry with the
seed photons initially distributed uniformly. We choose this model because it is versatile (allowing for both
thermal and non-thermal injection and allowing for Compton reflection) and runs relatively quickly given
its complexity.
The basic parameters of the thermal Comptonization component of the model are a thermal electron
compactness (equal to the luminosity injected into the Maxwellian component of the hot electron distribution
times the Thomson cross-section and divided by the product of the electron rest energy, the speed of light
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and the radius of the corona), and optical depth, and a seed photon temperature. The temperature of the
corona is an implicit one determined by the energy balance between the heating rate and cooling rate of
the corona. The compactness of the seed photon distribution is frozen to unity, so the thermal electron
compactness, `th is really the ratio of the coronal luminosity to the seed photon luminosity. Barring an
independent estimate of the corona’s size, the strongest constraints on the total compactness will come from
annihilation line measurements, which are not possible given that our observations extend only to 190 keV.
For a more detailed description of the model, we refer the reader to Coppi 1999.
Brief overview of results The results of the spectral tting are presented in Table 2 and plotted in
Figure 1. The important implicit parameters - the luminosity in the soft component, the luminosity in the
corona, and the temperature of the corona - are plotted in Figure 2. The fluxes are converted to luminosities
assuming a distance to Aql X-1 of 2.5 kpc (Chevalier et al. 1999), although we note that this distance
measurement has been disputed by Rutledge et al. (2001), who claim a minimum distance of 4 kpc and a
most likely distance of 4.7 kpc. The relative luminosities of the soft component and coronal component are
computed by multiplying the total luminosity by the fraction of the total compactness in each component.
From inspection of Table 2, it seems that the source entered the soft state on May 22 and remained there
through June 7 (JD 2451320 through 2451338). These dates could be in error by a few days due to data
gaps. In the hard state, the optical depths range from ∼ 1-4 and the coronal temperatures range from ∼
10-200 keV (a typical hard state spectrum is plotted in Figure 2). In the soft state, the coronal optical depths
are ∼ 10 and the temperatures are ∼ 2.5 keV. Two dierent model ts to a typical soft state spectrum are
presented in Figure 3, while a typical hard state spectrum is plotted in Figure 4.
table* center Best Fit Parameters for the Thermal Model
tabularcccccccccccc ObsID kTbb `th τ L χ2/ν
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